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FEASIBILITY STUDY OF THE ULTRAVIOLET 

SPECTRAL ANALYSIS O F  THE LUNAR SURFACE 

By Norman N. Greenman, Valerie W. Burkig, 
H. Gerald Gross, and J. F r e d  Young 

Douglas Aircraft Company, Inc. 

SUMMARY / 
g3.70~ 0 

The reflectance and luminescence character is t ics  in the 2000-3000 A 
range of granite, gabbro, and serpentinite samples,  in solid and granular 
form,  have been studied for  the purpose of determining whether i t  is feasible 
to map the surface composition of the moon by spectral  analysis in this range 
f rom a manned lunar  orbiting vehicle at 8 to 80 miles altitude. 
was excited by ultraviolet radiation, x-rays,  protons, and electrons. 

Luminescence 

Results of the ex  er imentai  work show that (1) the reflectance declines 
gradually f rom 3000 x to 2000 A in a featureless curve for all samples and 
shows no consistent variation with grain size, (2)  maximum reflectance is about 
14%, minimum about 470, with serpentinite showing a generally lower reflec- 
tance than granite and gabbro, which a r e  about the same, (3) granite shows the 
greatest  luminescence intensity, gabbro the next, and serpentinite the least  in 
virtually all measurements,  (4) luminescence intensity gene rally declines with 
decreasing grain size,  bgt the spectral  curve shape is not obscured, (5) except 
fo r  sharp  peaks at 3400 A and 3600 A, possibly due to element line emission, 
found with x-ray excitation in all samples, the luminescence spectra  a r e  broad 
band, but features such ag peak positions and curve shapes (chiefly in wave- 
lengths longer than 3000 A) serve  to distinguish rock types, ( 6 )  most  of the 
luminescence is in the visibbe and near-ultraviolet wavelengths; only a small 
portion is ip  the 2000-3000 A region, and (7)  luminescencg efficiencies in the 
2000-3000 A region are of the order  of 1% for 18OC-2200 A ultraviolet excita- 
tion and of the order  of 5 x 10-570 for proton excitation. 
limit fo r  x-ray and electron excitation efficiencies, which a r e  judged to be 
generally much less .  

The latter is an  upper 

These laboratory resul ts  were combined with available knowledge of the 
space radiation environment of the moon to determine the feasibility of com- 
positional mapping f rom a manned lunar orbiting vehicle. 
(1) on the sunlit side of the moon almost all the luminescence i s  due to ultra- 
violet excitation, it is intense enough to be detected, and it can be detected 
against the high reflected background by comparing the ratio of depth to con- 
tinuum of a Fraunhofer line f romihe  so lar  and lunar spectra ,  (2 )  on the dark 
side no background of 2000-3000 A light is present,  but the luminescence f rom 
x-rays,  protons,and electrons is a t  o r  below the present detectability limits 
unless,  as is possible, more  energy is available f rom these sources  than is 
estimated; in this case, the luminescence can be detected by directly viewing 
the lunar surface with a sensitive phototube, and (3) the compositional dif- 
ferences appearing in the experimental work a r e  deemed detectable f rom the 
lunar orbiting vehicle and can be even more  valuable when they a r e  tied in with 
laboratory luminescence tes t s  on rock samples returned f rom lunar landings. 

It is concluded that 



INTRODUCTION 

An understanding of the origin and history of the solar  system is one of the 
pr imary  scientific objectives of the nation's space program. Probably the f i r s t  
ma jo r  step toward this objective wil l  be achieved when the nature  and composi- 
tion of the lunar surface becomes known. 
value, lunar compositional information is important fo r  the establishment of 
lunar  bases;  decisions relating to base s i tes ,  building materials, and water 
availability w i l l  all be affected by the nature and composition of the moon's 
surface.  Thus, for  both scientific and practical  reasons,  the composition of 
l a rge  areas of the moon's surface should be mapped. Since the surface area 
of the moon is  roughly one-fourth that of the land a r e a  of the earth,  however, it 
is  evident that the ear ly  manned Apollo landings, o r  for  that mat ter ,  the 
unmanned soft landings that precede them, a r e  not likely to supply all the 
information required. 
a few point samplings of the lunar  surface. 

In addition to i t s  general  scientific 

Valuable though they may  be, they w i l l  provide only 

The  incorporation of a manned lunar orbiting vehicle into the Apollo 
program provides an excellent opportunity to obtain the required large-scale  
compositionalmapping if  a suitable analytical technique can be devised. 
repor t  presents  the resul ts  of an eight-month study of the feasibility of one 
suggested technique--the analysis of the ultraviolet spectrum of the moon in 
the 2000-3000l!. region. The study w a s  performed under contract NAS 9-3152 
with the National Aeronautics and Space Administration, Manned Spacecraft 
Center, Houston, Texas,  executed June 23, 1964, on the basis  of Request f o r  
Proposal  No. MSC 64-1176P, dated April  20, 1964. The purpose of the study 
is to determine whether the radiation character is t ics  of possible lunar surface 
mater ia l s  in the 2000-3OOOA region a r e  such as to allow compositional determi-  
nations to be made f rom a manned lunar orbiting vehicle at 8 to 80 miles 
altitude and, if so, what conditions must  be me t  to accomplish that task. 

This  

The  approach to the problem i s  four-fold. First, the types and intensities 
of radiation impinging on the moon - the space radiation environment - a r e  
delineated. 
selected and their  reflectance and luminescence character is t ics  in the 2000- 
3000 A region a r e  experimentally determined. Third, the character is t ics  of 
the radiation f rom the lunar surface in this wavelength interval a r e  next 
calculated. Fourth,  the resul ts  of this calculation a r e  used to determine the 
conditions under which compositional mapping i s  feasible. 

Second, t e r r e s t r i a l  rocks that may exist on the lunar surface a r e  

In carrying out this study, the authors were  greatly ass i s ted  by 
W. B. Milton and T. H. Mills in the experimental phases of the work. 
R .  E. Santina w a s  most  helpful i n  assembling the data on the space radiation 
environment of the moon, and No H. Schroeder w a s  a lso helpful in supplying 
information on problems of lunar orbiting vehicle instrumentation. 
and J. A. Ryan provided excellent advice and suggestions throughout the course 
of the study. 

A. J. Masley 
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SPACE.RADLATLON ENVIRONMENT OF THE MOON 

The important sources  of energy that may give r i s e  to lunar radiation in 
the 2000-3000 hi region are ultraviolet radiation f rom the sun; x- rays  f rom 
so lar  and cosmic sources;  protons from the solar  wind, solar  cosmic ray  
events, and galactic cosmic rays ;  and electrons f rom the solar wind and 
galactic cosmic rays. 

Ultraviolet Radiation 

The  solar  ultraviolet energy distribution in  the range of interest  of this 
study is given by Hinteregger (1962) as follows: 

Wavelength (A) 

3000 - 2800 
2800 - 2600 

2600 - 2400 
2400 - 2200 
2200 - 2000 
2000 - 1800 
1800 - 1300 

Energy Flux at Moon 

1 x 10 4 e rgs / cm2  sec  

5 x 10 e r g s / c m 2  sec  
2 x 10 3 ergs/cm’ sec 

3 

3 1.1 x 10 e rgs / cmz  sec  

5 x 10 e rgs / cm2  sec  

2 x 102 e rgs / cm2  sec  
6 x 10 1 ergs/cmZ s e c  

2 

The fluxes at  shorter  wavelengths are  very low.  

X-Rays 

The  solar x-ray energy f lux  in the band from 8 h: to 100 
10 ergs/cm2 sec  a t  solar maximum (Friedman, 1960; Kreplin, $961). At 
wavelengths l e s s  than 8 a the energy f l u x  i s  l e s s  than 0 . 6  x 10- erg/crn2 sec.  
(Kreplin, Chubb, and Friedman, 1962). During solar  cosmic r ay  events the 
qolar x- ray  f lux  increases  about one o rde r  of magnitude (Chubb, Fr iedman,  
and Kreplin, 1960). 

is about 

Cosmic x-rays,  apparently galactic, have been measured as emanating 
f rom the vicinity of Scorpius, the Crab Nebula, and eight other sources  
(Bowyer et al., 1965). 
7 x 10-7 GgTcmz sec. This should be regarded as a lower limit because of 
the lack of data concerning wavelengths grea te r  than 8 A and also because 
other, as yet undetected, cosmic x-ray sources  may exist. 

The total  f l u x  of these x- rays  in the 1.5 - 8 hi band is 

5 



The Solar Wind 

As a result of the expansion of the solar corona, protons and electrons a r e  
accelerated t o  velocities of approximately 400-700 km/sec .  
density of 1-10 ions /cm3 a t  1 A. U, the energy flux of the solar wind i s  in the 
range 3.2 x l o 7  - 1.75 x 109 keV/crn2 The 
energy flux of the solar wind i s ,  therefore, much l e s s  than that of the solar 
ultraviolet. So la r  wind energy flux may be fur ther  diminished i f  there is  an 
appreciable lunar magnetic field. If such a field exists,  however, i t  i s  pos- 
sible,  under some conditions, for solar wind par t ic les  to reach the dark  side 
of the moon and significantly increase the energy flux f rom this source. 

With a spatial 

sec,  o r  0,04 - 3 e rgs / cm2  sec.  

Magnetospheric Par t ic le  Radiation 

Since the earth 's  magnetic field may extend past the lunar orbit (approxi- 
mately 60 earth radii) ,  (Ness,  1964), i t  i s  possible that energetic protons and 
electrons in  the magnetosphere could reach the vicinity of the moon. 
assume a flux of 1 0  par t ic les /cm2 sec,  and an average energy of 50 keV, the 
energy flux i s  - 0 . 0 2  e r g / c m 2  sec.  This energy density w i l l  not contribute 
significantly t o  sunlit side luminescence because of the dominant ultraviolet 
energy source. On the dark side, however, in  the absence of ultraviolet, i t  
could become an important energy source for  luminescence production. 

If we 

Solar Cosmic Rays 

Protons incident on the moon during solar cosmic ray events could provide 
an important energy source,  especially fo r  the dark  side. 
f o r  these particles to reach the dark side during the isotropic par t  of the events. 
Although i t  i s  very difficult to determine the energy deposited on the surface of 
the moon from these higher energy protons, we can make an estimate for  the 
pur oses  of this study. We define the surface layer  to be the top 1/10 gram/  

It may be possible 

cm 5 of mat te r  on the moon. 

To estimate the total energy incident upon the lunar surface f rom a solar 
cosmic ray  event, the flux and energy spectrum of the November 12, 1960, 
event is  considered. 
a s  follows (Ogilvie, Bryant, and Davis, 1962; Masley and Goedeke, 1963): 

The spectral  distribution for  that event may be written 

for  0 . 2  < E< 0 35 MeV 2 G = 3 x lo1' p / cm 

G = o  0.35  < E <  2MeV 

@(>E ) = 1. 8 x lo1' 

G(>E ) = 8 . 9 ~  1 0 1 2 E - 2  

f o r  2 < E < 30 MeV 

for  3 0 <  E <  100 MeV 

(These values a re  based on experiments with rocket-borne detectors. 
failure to detect par t ic les  with energies between 0. 35 and 2 MeV may be due 

The 
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to interactions with the geomagnetic field, so that this spectrum may not 
s t r ic t ly  represent that affecting the moon. ) 

is on the order  of 2 x l o 6  e rgs /cm2.  
2 days, the energy deposition rate  is approximately 10 e r g s / c m 2  sec,  almost 
a l l  of which is from protons of energy l e s s  than 10 MeV. 

The energy f rom this event that was deposited on the top 1/10 g ram/cm 2 
If the event is assumed to have lasted 

It is unlikely that a solar  cosmic ray event of this magnitude w i l l  occur 
during the t ime measurements  a r e  being made from the manned lunar orbiting 
vehicle; such an event occurs  only about once a year at solar  maximum. 
Smaller solar cosmic ray events (those that would deposit a dose of l e s s  than 
100 rads  behind 1 gm/cm2 shielding) occur approximately once a month near 
solar maximum (1968-1970). Assuming that these events have the same 
spectral  distribution a s  that of the November 12, 1960 event, the energy 
deposited on the lunar surface during solar cosmic ray events averages 
approximately 0.1 to 1 e rgs / cm2  sec. 

Galactic Cosmic Rays 

The energy deposited by galactic cosmic ray protons on the first 1 / 10 
g r a m / c m 2  of the lunar surface is approximately 10-6 e rg /cm2  sec i f  a flux 
of 3 p /cm2  sec is assumed. 
10-8 e rg / cm2  sec. 

Galactic cosmic ray electrons deposit about 

Table 1 summarizes  the data on the space radiation environment of the 
moon. 

LUNAR SURFACE MATERIALS 

C om p o sition 

Direct knowledge i s  lacking of both the composition of the moon and the 
processes  that operate upon it.  
that approximate those of the moon i s  necessarily governed by the accepted 
theories of solar  system origin and development, by analogy with t e r r e s t r i a l  
mater ia ls  and processes ,  by knowledge of meteori tes  and tekti tes,  and by 
astronomical  observations and measurements,  including the recent close range 
observations afforded by Ranger VII. None of these provide definitive informa- 
tion on composition and opinions differ widely. Urey (1952) postulates a com- 
position s imilar  to that of chondritic meteori te  which approximates in  
composition the t e r r e s t r i a l  ultra-basic rock peridotite. If the moon i s  homo- 
geneous, i t s  density suggests such a composition. 
observations of lunar luminescence in the Kepler region, Kopal and Rackham 
(1 964) conclude that-this a r e a  i s  composed of enstatite achondrites, which 
tends to confirm the meteori te  aspect of Urey's hypothesis. This  conclusion 
must be considered questionable, however, because in the laboratory studies 
upon which i t  i s  based only meteorite samples were used. Others,  like Spurr  
(1945), consider the moon to have differentiated in a manner s imilar  to the 

Hence, the selection of t e r r e s t r i a l  mater ia l s  

On the basis of their  recent 
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TABLE 1 

Source Light Side Dark  Side 

ENERGY F L U X  TO LUNAR SURFACE 
( e r g s / c m 2  s e c )  

Comments  

F r o m  sun 10 

100 

> 7  10-7 F r o m  the galaxy c 

3000-2800 & 
2600-2400 lq 
2400-2200 8, 

2000-1800 4 
1800-1300 A 

2800-2600 A 

2200-2000 8, 

0 Solar  m a x i m u m ,  no f la re  act ivi ty  

Solar  maximum,  f l a r e  act ivi ty  

1 .  5 to 8 A, thus ,  a lower l imi t ;  depends on 
moon-galaxy g e o m e t r y  

N .7 10-7 

1 lo4 
5 x  103 
z X  103  

1 .1  l o 3  
5 x 102 
2 x  102 
6 x  lo1  

(0 .04-3  

0 

If moon h a s  a magnet ic  field, this flux m a y  
r e a c h  d a r k  s i d e .  

N (10-3 

Solar  wind 

Magnetospheric  
par t ic les  

Solar  c o s m i c  r a y s  

Galact ic  cosmic  
r a y s  

If moon h a s  a magnet ic  field this flux m a y  not 
r e a c h  light s ide  of moon, hut m a y  reach  d a r k  
s ide .  

< 0.04-3  
N 

< 10-2 
N 

0.1-1  

10-6 

< 
0.1-1 

Y 

Must  he per forming  exper iment  during s o l a r  
c o s m i c  r a y  event  

Solar  wind 

Magnetospheric  
par t ic les  

Galac t ic  cosmic  
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ear th  and to have produced granitic continents and basalt ic maria. Baldwin 
(1963), though less definite about composition, visualizes the maria as being 
formed by volcanic flows, probably of basalt. O'Keefe and Cameron (1962), 
on the other hand, consider the mar ia  to be made up of ash flows of granitic 
composition. 
and observations of australi tes,  Chapman and Larson (1963) conclude that 
this type of tektite, a t  least ,  has come f rom the moon. 
chemically similar to granite; it is  also similar to some types of t e r r e s t r i a l  
sandstones. Other hypotheses have been proposed, but, considering all the 
evidence, i t  is most  reasonable to suppose that the lunar surface is composed 
largely of silicates. Based on the evidence of the earth and of the meteorites,  
these silicates a r e  a lso probablyigneous innature.  Meteorites are also probably 
present,  but they average three  parts ultra-basic igneous rock to  one part 
iron. 
cates  with a moderate amount of iron. 

On the basis  of experiments with aerodynamic ablation of glass  

Tektite composition is 

Their presence would only have the effect of diluting the igneous sili- 

The  rock types for  this study were therefore chosenfrom among the 
igneous rocks; three were chosen t o  represent,  as well as possible, the entire 
range of the differentiation series. It would have been preferable to  use 
minera l  samples ra ther  than rocks. Rocks, being aggregates of minerals ,  
have a wider range of composition and can be expected to show a l e s s  uniform 
response than minerals .  Therefore, the character is t ics  of any rock in  the 
series can be calculated f rom the characterist ics and known abundance of its 
constituent minerals .  With the time and manpower conditions of the study, 
however, the rock samples a r e  adequate. 
rocks selected, determined f r o m  thin-section study, a r e  as follows: 

The  compositions of the three  

Granite. - (El Capitan formation, Mariposa County, California) 

Quartz 

K-Feldspar 

Plagioclase (An 

Biotite 
3 0) 

10% 
5 

60 

25 

Ac c e s so r ie  s : 
Much of the plagioclase is zoned. 
with very l i t t le alteration. 

green hornblende , t i  tani t e ,  apat i t e, z i r  con e 

The rock appears  f r e s h  

Gabbro. - (Near San Marcos,  San Diego County, California) 

K -Feldspar 1370 

Plagioclase (An45) 
Biotite 

63 

15 

Hornblende 3 

Augite 6 
Acc e s so r i e  s : apatite, pyrite . 
Much of the plagioclase is zoned. 
surrounds c o r e s  of augite and appears  to have been derived f rom 
alteration of augite. 

The hornblende commonly 

Otherwise the rock appears  f resh.  
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Serpentinite. - (Cape San Martin, Monterey County, California) 

S e r p  ent ine 100% 

L'O 

The serpentine i s  in  fine, f ibrous,  unoriented aggregates and in 
coarser ,  oriented, f ibrous aggregates;  some non-fibrous l a rge r  
crystals  a r e  a l so  present.  

The  granite and gabbro have been designated as such in the l i t e ra ture  but 
do not represent the extremes of the acid-basic range,  The  granite has 
somewhat more  plagioclase than is  typical fo r  that c lass ,  and the plagioclase 
of the gabbro is slightly m o r e  sodic than that of normal  gabbro. 
content and plagioclase composition of the two, however, a r e  such as to make  
them adequate representatives of acidic and basic  types fo r  the purposes of 
this study. The serpentinite w a s  selected f o r  two reasons;  i t  i s  a n  ul t ra-basic  
representative and i t  contains water. 
candidate f o r  the study because the ability to detect water-bearing lunar  rocks 
i s  of pr ime importance in  lunar  exploration and some authorit ies believe that 
serpentinite,  produced by hydration of olivine, m a y  be present on the moon 
(Salisbury, 1961). 

The  quartz 

This rock w a s  considered a good 

F o r  all measurements except ultraviolet-excited luminescence, the rock 
samples were prepared by sawing slabs 1-1 / 2-inches square b y  1 /  2-inch thick. 
These were  lightly ground with carborundum paper to remove any saw marks .  
Smaller samples were prepared to fit the Trope1 instrument for measurements  
of ultraviolet-excited luminescence. These were wafers 3/4-inch square and 
about 1/8-inch thick; they were given a high polish on one side with very fine 
carborundum polishing paper. 

Grain Size 

Previous studies have shown that se r ious  degradation of the inf ra - red  

Hence, in this study, measurements  of severa l  grain s izes  of each 
spec t ra  of lithologic mater ia l s  occurs  as the grain s ize  i s  decreased (Burns,  
1963) .  
rock type were made  to see  how this factor  zffected the ultraviolet spectra .  
Selection of appropriate grain s ize  values was made  difficult by uncertainty 
as to the state of aggregation of the lunar  surface ma te r i a l s ,  
agreed, on the bas i s  of the measured  thermal  charac te r i s t ics  of the moon, 
that no significant amount of solid rock can be  exposed at the surface.  
A-merican and many European investigators believe that the lunar  surface 
layer  is  composed of granular mater ia l ;  es t imates  of grain s ize ,  however, 
vary  f r o m  approximately one micron to severa l  hundred microns  and actual 
grain s ize  could even exceed this. The hanger  VI1 photographs added no 
information on this point except to show that no rubble w a s  evident in the 
impact a r e a ,  
This  highly vesicular mater ia l ,  with a porosity possibly exceeding 9070, i s  
considered to be formed by the cooling in vacuum of molten material produced 
pr imari ly  during meteori te  impact. 
some, no attempt w a s  made  in this study to a s s e s s  the effects of such a 
surface.  

It is  generally 

Most 

Sytinskaya (1959) has  proposed a lunar surface of meteor  slag. 

Although this hypothesis is favored by 
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To encompass the suggested size range as  closely as  practicable, a sand 
s ize  and two powders were prepared from each rock type. One of the se t s  of 
powders was prepared by C. C. Mason at the Manned Spacecraft Center from 
rock samples supplied by Douglas. 
mill ,  and the granite and gabbro powders were analyzed by the pipette method. 
The size data, supplied by Mason, a r e  shown in figure 1. 
powder, though not analyzed, appeared to be s imi la r  to the other two. These 
a r e  designated as the 8 micron samples in the report  to follow. The remain-  
ing two se t s  were  prepared at  Douglas by crushing in  a hardened s teel  mor t a r  
and pestle and grinding with procelain and alumina mor t a r s  and pestles. About 
320 to 330 g r a m s  of each rock were ground to pass  a 590 micron sieve. Some 
50 to  60 g r a m s  were  then split off f rom each of the ground portions and were 
further ground to pass  a 44micronsieve.  These a r e  designated the 590 micron 
and 44micron samples,  respectively, in the report  to follow. Sieve analyses 
were made of the 590 micron samples; the resulting s ize  data a r e  shown in 
figure 1. No size analyses were made of the 44 micron samples but, byvisual 
comparison with the 8 micron samples, they were found to be slightly coarser  
- no more  than one, and probably closer to one-half, Wentworth grade. Their 
medians a r e  therefore estimated as  being between 11 and 16 microns.  

It was ground in  a tungsten carbide ball  

The serpentinite 

The powders were moderately tamped down in their  holders to prevent 
slumping and spilling during the measurements.  They simulate, therefore,  
lunar grain s izes  but not lunar porosities which are thought to be very  high. 

EXPERIMENTAL RESULTS 

Ultraviolet Reflectance 

Experimental  techniques .- Two instruments were used for making 
reflectance measurements  ; a Cary Model 14 recording spectrophotometer and 
a Trope1 Model N-1 monochromator and reflectometer. In the Cary  14, the 
light is normally incident on the sample and the reflected light i s  collected by 
an integrating sphere. By selected positioning of the sample,  it i s  possible 
to detect  the total  reflected component, specular plus diffuse, o r  to eliminate 
the specular and record only the diffuse component. The incident mono- 
chromatic light illuminates the sample and a standard alternately and the 
electronically calculated ratio of the two reflected signals is presented on a 
chart  a s  the spectrum is swept. The arrangement  i s  shown in figure 2. 

Magnesium carbonate was used a s  a standard in measuring the rock 
samples.  It was subsequently r u n  against magnesium oxide, for  which absolute 
values of reflectance a r e  given by Middleton and Sanders (1951), in order  to 
calculate absolute values f o r  the samples.  
oxide given in  the l i terature  were car r ied  only down to 2400 A, but the var ia-  
tion in reflectance over wide ranges of the spectrum was so small  that even 
with extrapolation to 2000 A a constax$ value of 94.5% could be taken as 
representing the range 2000 to 3000 A. With this value, the reflectance curve 
of the magnesium carbonate standard,began with 93% reflectance a t  3000 A, 
continued essentially linearly to 84% at $200 A, and then declined progressively 
more  steeply to about 73-1 /2% at 2000 A. 

The measurements  of magnesium 
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I FROM MONOCHROMATOR 

Figure 2 Reflectance Measurement System - Cary Model 14 Recording Spectrophotometer 

EDTRANCE SLIT '/ 
PIVOT I 

Figure 3 Trope1 Monochromator Measurement System 
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By means of the integrating sphere,the Cary  makes use of the largest  
possible signal. 
reflectance of a standard, leads to a grea te r  accuracy than the Tropel can 
offer. 
varying angles of incidence and observation, while the Tropel i s  ideally 
suited to such measurements.  

This, together with the continuously calculated ratio to the 

However, it i s  not possible with the Cary  to study the effects of 

As shown in figure 3, the Tropel instrument consists of a 40 cm concave 
grating monochromator with a reflectometer mounted at  the exit sl i t .  
sample i s  mounted vertically in  the reflectometer in the path of the emergent 
beam and can be rotated about a ver t ical  axis to vary  the angle of incidence, 
o r  can be raised out of the path of the beam when a measurement of the incident 
light is to be made. 

A 

Both the Cary and Tropel instruments require the illuminated surface 
of the sample to be vertical. 
a quartz cover plate of about 1 / 2  mm thickness was used for the Cary  meas -  
urements to hold the powder in the container. The small  effect of the quartz 
was compensated by using an identical cover plate on the magnesium 
carbonate comparison standard and by measuring the reflectance of the quartz 
with no sample. Fo r  Tropel measurements ,  i t  was found that the 8 micron 
and 44 micron powders cohered so well when pressed  f i rmly  into smal l  flat 
cups that they could be mounted vertically and used without a cover plate. 
The 590 micron grains required a quartz cover plate. The reflectance of the 
quartz, measured without sample, was then subtracted f r o m  the sample plus 
quartz measurements.  This led to a large uncertainty in the resul t  near  the 
quartz specular peak but a t  other angles the quartz reflectance was negligible. 

To prevent the spilling of the granular samples,  

The detector in the Tropel, a sodium salicylate-coated glass light pipe 
leading to an EM1 9502s photomultiplier tube, can be rotated in a horizontal 
plane around the sample to vary  the anqle of observation o r  to deteci the 
incident beam when the sample is  withdrawn. Photons below 3000 A a r e  
converted with near ly  100% efficiency in the sodium salicylate (Allison, 
Burns, and Tuzzolino, 
attenuation through glass and a r e  near the peak of the phototube response.  
The detector response, therefore,  is  essentially flat in the 2000-3000 

1964) to photons of about 4400 A which pass with l i t t le 

region. 

F o r  most of the experiment, the exit s l i t  was kept a t  250 microns to pass  
a 10  A band of light. To better define the angle of observation, the 1 / 2  inch 
wide light pipe was covered except for a central  3 / 8  inch high by  1 /8  inch wide 
a rea .  This area received all of the incident beam and m o r e  than 8070 of the 
specularly reflected beam from a polished sample, but only about 370 of the 
diffuse reflected light. 
ous comparison with a standard o r  with the incident light. To avoid e r r o r s  
due to light source fluctuations, the reflected and incident intensities were 
measured consecutively at each wavelength point and the ratio was calculated. 
Source intensity variations and the small  solid angle of detection limit the 
accuracy of the Tropel measurements,  particularly for powdered samples. 
Therefore ,  the reflectance values given by the Cary  a r e  used in the calcula- 
tions. 
as  indicated by the Tropel. 

Unlike the Cary, the Tropel has no means of continu- 

Variations with angles of incidence and observation a r e  qualitatively 
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Calibration.- For  comparison of the laboratory situation with that expected 
at the lunar surface, a calibration of the Tropel was required. 
used for this wavelength region was a tungsten filament i n  a tube with a quartz 
window. A calibration by the Bureau of Standards gives filament temperature  
vs applied voltage to a maximum of about 2500°K. 
light down to 2400 A but the shorter wavelength values a r e  questionable. 
the intensity in the visible is several  o rde r s  of magnitude higher, large scat-  
t e red  light signals f rom longer wavelengths were superimposed on the desired 
reading and it was found necessary to mount a Cgrning 7-54 fi l ter  at the 
entrance slit to cut out wavelengths above 4000 A. 

The source 

This temperature  gave some 
Since 

F r o m  the filament temperature and the Planck function, the power per  
unit a r e a  emitted by the filament was calculated. 
the entrance slit, baffle dimensions, and spacing, the a rea  of the filament 
seen by the grating w a s  determined. 
and the fraction of emitted light incident on the monochromator was calculated; 
this intensity v s  wavelength was then corrected for the 7-54 fi l ter  transmission. 
The calculations a r e  summarized in  table 2 with the fourth column showing the 
intensity vs wavelength incident on 1 cm2 a t  the entrance slit. The fifth column 
gives the output of the EM1 tube in PA and the las t  column l i s t s  the calibration 
factor vs wavelength, combining the effects of the grating, photomultiplier, 
and geometry. With this calibration i t  is possible to estimate the signal f rom 
reflectance and from luminescence which the Tropel would give i f  i t  were  on 
the lunar orbiting vehicle. Although some improvement may be obtainable 
with another instrument, i t  is of value to discuss the available light in  t e rms  
of an instrument for which we have a calibration. 

Then f rom the geometry of 

This a r e a  was t reated as  a point source 

it appears that the factor i s  nearly a constant of about 3.2 x 10-3 erg/crn2 
sec A incident on the instrument for an output signal of 1 PA. 
factor is not unexpected because the geometry does not va ry  with wavelength 
and because over this range the grating should show li t t le decrease of reflect-  
ance with wavelength. The use  of sodium salicylate, a s  explained above, makes 
the phototube response flat in the 2000-3000 A region. 

A constant 

Description of results. - The reflectance vs wavelength curves measured  
with both the Cary  and Trope1 show a gradual increase of reflectance with wave- 
length from 2000-3000 A f o r  a l l  three rocks. 
found in  any case.  

No reflectance peaks were 

0 

The reflectance coefficients vary from about 370 a t  2000 A fo r  serpentinite 
to 14% a t  3000 
coefficients i s  slight, but the serpentinite values a r e  significantly lower. 

for gabbro. The difference between the granite and gabbro 

When the diffuse reflectance of different grain s izes  i s  measured ,  however, 
the distinction between reflectance of different rock types i s  l e s s  c lear .  
Table 3 summar izes  the results.  
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Grain Size 

2000 x 2500 A 3000 A 

Cary  Tropel Cary  Tropel Cary Tropel 

Solid 8 - 9-1 1 2  - 13-112 - 
5 9 0 ~  6-112 4 6-1 1 2  5-112 10 7 

44Y 5-112 5-1/2 6-1 12 5-1/2 10  8-112 

8P 6 6-112 8 11 12-1/2 16 

i 

Gabbro 1 

Solid 8 

5 9 0 ~  6-112 

44Y 5-112 

8P 6 

I Serpentinite 

- 9-1 1 2  - 13-112 - 
4 6-1 1 2  5-112 10 7 

5-1/2 6-1 12 5-1/2 10  8-112 

6-112 8 11 12-1/2 16 

F o r  granite and gabbro, the polished samples gave higher total reflection 
than the granular samples but no clear distinction can be made between the 
grain s i zes  based on reflection coefficients. F o r  serpentinite, the reflection 
f rom the granular samples was greater than f rom the polished samples  with 
maximum coefficients found at 44,u. 

Solid 

590y 

44P 

8 P  

The Tropel probe is estimated to pick up 370 of the diffuse reflectance so 
that multiplying the measured values by 33 allows a corresponding table to be 
made up f rom Tropel measurements of powdered samples. Values measured  
a t  10" angle of incidence and 45" ang le  of observation were used. Due to  the 
low signals,the uncertainty in readings is large and therefore the Cary  values 
a r e  probably more  accurate.  The comparison does show general agreement 
between the two instruments,  but no c l ea r  distinction between rock types i s  
evident f rom reflectance characterist ics.  

9 
7-112 

8 

7-112 
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Figure 4 shows diffuse reflectance at 2000 A fo r  8 p  granite for  angles of 
incidence of O o ,  Z O O ,  50°, and 7 0 " .  These a r e  typical of the resu l t s  found with 
all the powdered samples. 

Within the accuracy of the measurement ,  no significant departure  f rom 
uniform diffuse reflection was found as the detector  was rotated around the 
sample.  
except that at large angles of observation an increase  in  intensity was noted. 
This specular reflection at grazing incidence for diffuse samples is predicted 
by theory. 

The intensity was not found to vary with the angle of incidence 

F o r  the polished samples ,  the shape and s ize  of the specular pgak was 
investigated as  a function of angle of incidence over  the 2000-3000 A range. 
Figure 5 2hows the reflected peak fo r  angles of incidence of 20°, 50° and 70° 
for  2000 A incident on polished granite. 

These resul ts  a r e  typical of those found at all wavelengths and with the 
other  polished samples.  
angle of incidence. 
incidence, in  agreement with the electromagnetic theory treatment of 
dielectr ic  reflection. 
incidence depends upon the index of refract ion of the mater ia l ,  but r i s e s  to 
100% reflection a t  grazing incidence for  all dielectr ic  mater ia l s .  

The width at half-maximum is about l o o  fo r  each 
The pe r  cent reflection is seen to increase with angle of 

The amount of reflection at a par t icular  angle of 

In o r d e r  to investigate the effect of source intensity, two different 

As was expected, 
hydrogen discharge tubes were used; the Hanovia lamp and the Nester  lamp, 
the fo rmer  having about twice the intensity of the la t ter .  
no difference in reflection coefficient was detected. However, the ultraviolet 
at the lunar  surface is about four o rde r s  of magnitude g rea t e r  than that of our 
sources  and could conceivably produce effects  not detected in the laboratory. 

Summary of ultraviolet reflectance.-For powdered samples,  gabbro has 
the highest reflectance coefficients while granite and serpentinite a r e  nearly 
the same and slightly lower than gabbro. 
tance curves,  only a gradual r i s e  with increasing wavelength. 

No peaks a r e  found in the reflec- 

Average (2000-2500 hl) Average (2500- 3000 hl)  
Gabbro 

Granite 

Se rpentinite 

8 70 
6-1 127'0 

5-1 127'0 
No'clear distinction can be made between grain s izes .  

11% 

9 7 0  

9 % 
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Figure 4 Diffuse Reflection vs Detection Angle for O", Zoo,  50", 70" Angles of Incidence 
(8 c1 Granite, 20008 ) 
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Figure 5 Specular Reflection vs Detection Angle for 20", 50" and 70" Angles of Incidence 
( Polished Granite, 20001) 
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Ultraviolet-Excited Luminescence 

Since the amount of energy incident upon the lunar surface from the ul t ra-  
violet region of the solar spectrum is o rde r s  of magnitude greater  than that 
f rom particle bombardment, the luminescence excited by the ultraviolet i s  
expected to be of great  significance. 

The samples were f i r s t  placed at the entrance sli t  and illuminated by a 
hydrogen discharge tube so that the reflected light and luminescence entered 
the monochromator. However, because of the small  solid angle subtended by 
the grating at the sample, the specular peak could barely be detected; diffuse 
reflection and luminescence could not be detected at  all. 

The samples  were  then placed in the reflectometer a t  the exit slit.  They 
were  illuminated by a small  wavelength band, and the reflected and luminescent 
light was observed through f i l ters .  The advantage of this arrangement  i s  that 
i t  is possible to  see which incident wavelengths a r e  responsible for producing 
luminescence, information not obtainable when all wavelengths a r e  present 
simultaneously. 
incident beam so that the specularly reflected peak mis sed  the detector probe 
which was se t  at 90" to the beam. 
powdered samples.  
reflection plus luminescence. 

The polished samples were mountedat about 60" to the 

The same arrangement  was used fo r  the 
The detected light, i f  present,  was made up of diffuse 

The f i l ters  used were  three Corning f i l ters  and a piece of Pyrex. 
t ransmission curves,  shown in figures 6, 7, 8 and 9, were measured  with 
both the Trope1 and the Cary; they are  in excellent agreement  with those 
supplied by Corning. 
as follows: 

(1) 
(2)  
( 3 )  

(4) 

Their 

The significant character is t ics  of the fi l ter  curties a r e  

0 

All four fi l ters a r e  nearly opaque at  wavelengths shorter  tkan 2200 A -  
P y r e x  i s  nearly opaque for wavelengths shorter  than 3000 A. 
The 9-54 transrpission i s  significantly greater  than that of the 9-30 in 
the 2200-2500 A region. 
The 7-54 i s  nearly opaque at  wavelengths longer than 4000 hl, whereas 
the other three f i l ters  transmit about 90% at these wavelengths. 

Therefore,  with appropriate combinations of incident wavelength and filter 
cutoffs, the reflected and luminescent components can be separated since the 
reflected component is a t  the same wavelength as the incident beam, whereas 
the luminescent component is  at a longer wavelength (lower photon energy). 

The f i l ters ,  in a specially constructed mount, were  inserted,  each in 
turn,  in front of the detector. 
ments were then plotted and compared with the fi l ter  t ransmission curves.  
the diffuse reflected component is designated by D, the luminescent component 
by L, and the respective fi l ter  transmission values by tD and tL,  then the 
filter ratio 

The ratios of "filter in" to  "fi l ter  out" measure-  
If 

D tD + L t L  "fi l ter  in" - - "filter out" D + L  
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I 
where D and tD a r e  at the incident wavelength and L and tL a r e  a t  some longer 
wavelength (of course, L may cover a range of wavelengths so  that tL h e r e  
can be taken as an average over this range). 
ments a r e  shown in Figures  6 ,  7, 8, and 9. 

The resul ts  of these measure-  

The resul ts  a r e  interpreted a s  follows: 

Serpentinite. -At incident wavelengths longer than 2300 the rat ios  for  
all four f i l t e rs  follow the transmission curves within the limits of experimentalo 
e r r o r .  I t  i s  deduced that only reflection occurs  for igcident wavelengths 2300 A 
and longer. 
f i l t e rs ,  some light i s  detected. The rat ios  for pyrex and 7-54 a r e  s o  small 
(<27’0), it i s  concluded thag there i s  essentially no luminescence in  the wave- 
lengths longer than 2500 A. 
through 9-30 suggest luminescence in  the-2200-2400 1 region. 

But for incident wavelengths 1800-2200 A ,  where tD = 0 for all the 

But the 16% +670 through 9-54 and the 8% - t 6% 

F o r  2000 A incident and for  luminescence at  about 2300 A only, tD = 0 
and the fi l ter  ratio is L tL/D+L. 

Using minimum values to give conservative est imates ,  we have 

L L f i l ter  

7-54 0.02 0 - 
9-30 0 - 1 0  0. 02 0.20 
9 -54 0. 25 0. 10 0.40 
Pyrex 0 . 0 0  0 - 

tL D+L t~ D S L  - 

This gives an average value of about 3070 for L/D+L calculated f rom the 
9-30 %nd 9-54 values. 
2000 A occurs  at 2300 A, this comprises  about 3070 of the apparent reflectance. 
Since theo apparent reflectance is about 470 of the incident light for serpentinite 
at 2000 A, the luminescence is about 1% of the incident light. 

Therefore,  i f  all the luminescence from incident 

Several  measurements were made with the polished sample, with and 
without vacuum. 
measurements down to 1800 A incident wavelength. 
powder gave results s imilar  to the polished sample. 

With the insotrument evacuated i t  was possible to extend the 
When measured,  the 8 , ~  

Granite.- The total amount of luminescence appears to be la rger  for 
granite than that %rising from serpentinite. 
longer than 2300 A, the fi l ter  ratios follow the fouF fi l ter  t ransmission curves,  
showing that only wavelengths shorter  than 2300 A produce luminescence. 

F r o m  the fact that a pyrex ratio of about 3070 occurs  with 2000 h: incident, 

Again, for  incident wavelengths 

it is c p c l u d e d  that some of the luminescence is  at  wavelengths longer than 
3000 A .  The ratio of only 270 with the 7-54, which cuts off g t  about 4000 A, 
indicates that these wavelengths a r e  also longer than 4000 A. 
second luminescent peak in thg ,2200-2400 A region i s  indicated by the 10% 
difference in  ratio with 2000 A incident between the 9-30 and the 9-54 because 
for wavelengths longer than about 3500 h: the t ransmissions of the two a r e  the 
same.  

In addition, a 
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F o r  the case of two luminescent peaks,the fi l ter  ratio is 

D t L1 t L2 

Assume L1 at 2300 A: pyrex tL = 0 pyrex tL = . 9  
7-54 t L =  .02 7-54 t L  = 0 

9-54 t L =  .25 9-54 tL = .9 

L2 at 4000 A: 0 

9-30 t L =  .10  9-30 tL = e9 

0 

Also, for 2000 A incident, tD  = 0 f o r  all fi l ters.  

Using conservative values, we have . 
p y r  ex 

L t  

= 0. 33, o r  3370 a t  4000 hi 2 L2 L2 = 0. 30 ... D t L1 t L2 D + L 1  t L~ 

9-54 - 
L t  t L t  L t  

D t L1 t L2 + L1 L2 D t L1 t L2 
= 0.40 L1 = 0.10, and 

1 L1 2L2 L1 = 0.40; :. 

9-30 

L t  t L t  L t  

D t L1 t L~ = 0.20 L1 = 0.02, and 
L1 

= 0. 32; :. L1 L2 
D t L1 t L~ D t L1 t L2 

o r ,  averaging the 9-54 an,d 9-30 results,  about 30% of the apparent reflection 
is luminescence at 2300 A. 

and 3370 a t  4000 A, only approximately With 30% luminescence at 2300 
40% of the apparent reflection is  actual reflection. 
reflection is about 570 of the incident light, the luminescence is about 370 of the 
incident light. 
ratios is experimental ra ther  than real. 
luminescence is in the visible where the transmission of 9-54, 9-30 and Pyrexo 
is 0.9. The average of the measured ratios for these three fi l ters with 2000 A 
incident is about 0.30, indicating about 33% luminescence o r  approximately 
1 - 1 /270 of the incident light. ) 

Since the apparent 

(It may be that the difference between the 9-30 and 9-54 fi l ter  
In this event, all the induced 

There could, of course,  be more than two peaks, but, with these four 
f i l ters  and the uncertainties in the values due to very  low light signals, no 
further information can be determined. 
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Gabbro.- The resul ts  a r e  similar to those of granite although the total 

luminescence is slightly l e s s .  Again, the Pyrex and 2-54 resul ts  indicate 
some luminescence at wavelengths longer than 4000 A, and the difference 
betwegn the 9-54 and 9-30 results indicates luminescence also in  the 2200- 
2400 A region. 
quantitative c~nclus ions  can be draw%. 
granite (2000 A incident, L1 at 2.300 A,  L2 at 4000 A )  a r e  a s  follows: 

I 
The uncertainty in  the results i s  sufficiently large so that no 

Calculation8 similar to those for 

= 0.25 L2 
L l t L l  4- L$L2 

D t L1 t L2 = 0.23; D t L1 t L2 

9-54 

.. 
L. 

1 
D t L1 t L 2  = 0.36 

9 - 3 0  

L l t L l  
= 0.02; D t L1 t L2. = 0. 25; 

L1tLl 2 L2 
D t L1 t L2 

L 
1 

= 0.20 D t L, t L, 

The average of, the 9-54 and 9-30 resul ts  gives 30% at 2300 A,  and Pyrex 
The apparent reflection of gabbro at 2000 r f  is about 570 
The luminescence is, therefore ,  about 27'0 of the incident 

gives 25% at 4000 A. 
of the incident light. 
light. 

F o r  both granite and gabbro, the 8p  powder gave slightly lower luminescence 
than the polished samples but with overlapping e r r o r  bars .  
c lear  distinction between the solid and the finest powder, the other powders 
were  not run. 

Since there  was no 

As far as distinction among the rock types is concerned, the luminescence 
detected by this technique appears to be at approximately the same wavelengths 
for all three rocks. Granite and gabbro both appear to have a luminescent 
peak qf wavelength longer than 4000 A and al l  three rocks have a peak near  
2300 A. They differ, however, in  intensity. The intensity of granite seems 
to be the greatest ,  closely followed by gabbro, with serpentinite the least  in  
intensity of the three.  

Interestingly, the above calculations show the luminescence a t  2000 a 
incident to be of intensity comparable to the diffuse reflection. Attempts to 
detect luminescence when the sample was rotated so  that the specular peak 
fell  on the detector, however, were unsuccessful because of the greatly 
increased background of reflected light. 
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The luminescence induced by incident wavelengths shorter  than 2200 
m a y  be responsible for the leveling off in reflectance a t  these wavelengths 
detected in the C a r y  measurements.  
not only the reflected light but also any induced luminescence. The actual 
reflectance a t  these shorter wavelengths may drop more  rapidly than has 
been assumed but the addition of luminescence may cause the curve to flatten 
o r  even r i s e  a t  the short  wavelength end. 

A s  in the Tropel, the Cary will record 

Summary of Ultraviolet-Excited Luminescence. -On the basis of the 
data described in the text, these Sentative conclusions a r e  drawn: 
incident wavelengths below 2200 A produce luminescencg, (2) granite shows 
the highest total luminescence with one peak near 2300 A and another in the 
visible, (3)  gabbro, with slightly less luminescence also has a visible and a 

(1) only 

has  the least  total luminescence, a l l  of i t  a t  
approximate luminescence efficiencies for 

excitation in 

2300 h; Peak Visible Peak  

Granite 1-1/2% 1-1/270 

Gabbro 170 
S e rpentinit e 1 Yo 

170 

X -Ray-Excited Luminescence 

The source of x-rays f o r  these experiments was a General Electr ic  
XRD-6 x-ray fluorescence spectrometer. The x- ray  tube for this instrument 
is a high intensity source, with a chromium target,  with up to 90 mA current  
and 3 0  kV. 
reduces problems of shielding and background. 

The use of a chromium target  and the relatively low voltage 

In order  to check the effect of voltage and current  on the excited lumi- 
nescence, measurements  of total luminescence were  made with a 1P28 shoto- 
multiplier tube. 
spectrometer,  and the photomultiplier tube was placed a t  the measuring port. 
The resul ts  of total  luminescence measurements a r e  shown in table 4. 

Samples were placed in the regular sample holder of the 

The order  of intensity for the three rocks i s  the same a s  fo r  the electron 
The decrease in intensity with decreasing particle and proton luminescence. 

size appears to be a function of total luminescence intensity; granite shows 
the greatest  decrease and serpentinite shows none a t  all. 
size, however, there i s  a five-fold intensity difference between granite and 
gabbro on the one hand and serpentinite on the other. The table also shows 
that an  approximately linear relationship exists between total intensity and 
x- ray  tube current.  

Even at  the smallest  

The tube voltage was varied to  ascertain i t e  effect on the readings. The 
resul ts  of these measurements  a r e  shown in table 5. 
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TABLE 4 

__ 
Tube Current, (mA) Solid 59 Op 44 P 

- 

8 P  

9.5 80 32 13  

18 145 61 25 

8. 0 

18 

TABLE 5 

9 .5  

EFFECT O F  X-RAY TUBE VOLTAGE ON LUMINESCENCE 
(Solid serpentinite;  tube cur ren t  9. 5 mA) 

43 28  15 8. 3 

7 7  53 30 14 

Tube Voltage, (kV) 

1 5  

30 

60  

S e rpentini te - 
9.5  1 .5  1 .3  1 .8  1. 6 

18 2.8 2. 6 3.2 3 . 0  
, 

Lumine s c enc e 
Plus 

Background 

1" 7 

6 .3  

25. 0 

Luminescenc 

4 .1  2. 2 1 16.4 8 .6  

Background was measured by putting an opaque piece of paper in  front of the 
photomultiplier tube. 

These results indicate a much g rea t e r  increase  with voltage than with 
current .  Because of this, 
3 0  kV was selected as the optimum tube voltage. 
this voltage (90 mA) was used to obtain maximum luminescence in the spectral  
measurements ,  

The background increases  at an even grea te r  ra te .  
The maximum curren t  with 
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The sample arrangement,  modified for the spectral  measurements ,  is 
shown in figure 10A. The samples were placed in the sample chamber sup- 
ported by the holder used f o r  electron-excited luminescence measurements .  
A Gaertner  quartz-pr ism monochromator was placed against the chamber 
with the entrance sli t  two inches from the sample. 
plier tube was placed directly against the exit slit. 
s l i ts  of the monochromator were set a t  0.4 mm. Measurements were  made 
f rom 2000 A to 6000 A. 
Gaertner  because 
small  and the uncorrected curves are  adequate for sample-to-sample compari-  
sons. 

An EM1 9502s photomulti- 
Both the entrance and exit 

They were  %corrected for the bandpass of the 
in the 2000-3000 A region the bandpass is reasonably 

With entrance and exit sl i ts  at 0.4 mm. the bandpass, Ah, is 

This gives values qf 35 i, 120 A, and 950 A a t  wavelength settings of 2000 A,  
3000 A, and 6000 A, respectively. 

The spectra  are shown in figures 11, 12 and 13. On all of the samples,  
the signal a t  wavelengths shorter  than 3000 1 was of the order  of the noise in 
the  detector so that the luminescence intensity i s  below the sensitivity level 
of this equipment. 
that all the spectra  show peaks at 3400 and 3600 A. 
to be particularly characterist ic of serpentinite. 
this peak in the other samples. 

At  longer wavelengths, howevcr, it is interestingdo note 
A peak at 4300 A seems  

There is no evidence fo r  

Because the 3400 and 3600 A peaks in some of the spectra  a r e  so sharp,  
it  i s  likely that they a r e  due to line emission f rom an element common to the 
three samples. 
for all samples  would also tend to  indicate that a single element is causing 
both lines. 
character is t ic  of the x-rays might tend to excite this element in preference to 
others.  
exciting the K absorption edge of titanium. 
gabbro was run using x-rays f r o m  a platinum target.  The resul ts  of these 
measurements  a r e  shown in figure 14. The curve i s  a lmost  identical to  that 
given by the chromium target, which indicates that no spectral  differences 
exist due to  varying x-ray energies. The fact that the l ines do not seem to 
be a function of the absorption edge casts  some doubt on the possibility that 
these a r e  due to titanium. It should be noted that the major  elements present 
in all th ree  rocks a r e  magnesium, iron, silicon, and oxygen, but the identifi- 
cation of these apparent lines will require further investigation. 

The fact that the relative intensity i s  approximately the s a m e  

In addition, this similari ty of intensity suggests that some 

The K a radiation from the chromium target  i s  very  efficient in 
To check this,  a sample of 4 4 p  

Differences a r e  evident in  the curves both with respect  to  rocks and to 
grain size.  
measurements  also appear in the spectra, although the grain size effect is 
l ess  marked  in the spec t ra  than in  the total. 
the broad granite peaks with grain size, the shape of the curve for all  four 
samples  of each rock type i s  essentially the same. 
the broad llcontinuuml' appears to decrease more  sharply than the element 
peaks. 
spectra  of the finer grain s izes  of granite and gabbro and by the additional 

The intensity relationships that appeared in the total luminescence 

Except for a shifting of one of 

The chief difference is that 

This is  shown by sharper  contrast of these peaks on the l e s s  intense 
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peaks of this type shown in the serpentinite curves,  a l l  of which a r e  of low 
intensity relative to granite and gabbro. 

Calibration.-The equation given by Compton and Allison (1964) is used to 
es t imate  the output of the x-ray tube a s  follows: 

Efficiency = (Atomic Number)(Voltage)( 1. 1 x 
4 = (24)(3 10 ) ( I .  1 

-4  = 7.9 x 10 

This value of efficiency gives an x-ray flux of 2. 3 x 10 
sample is 5 cm f rom the target,  so  that the flux a t  the sample is 1 .4  x 10 
e r g s / c m 2  sec.  

7 ergs /sec .  The 

The calibrated tungsten lamp was used to obtain absolute values of intensity 
by the spectrometer.  To minimize the scat tered light problem, the lamp 
was operated at  i ts  maximym temperature (25000K), and a f i l ter  which cut 
out light longer than 4000 A in wavelength was put in front of the 
monochromator . 
The light flux a t  this temperature  is  71.6 e rgs / cm2  sec A. When corrections 
wereomade for geometry and for  the f i l ter ,  it was calculated that 0. 7 e r g s / c m 2  
sec  A was falling on the slit. The signal recorded on the EM1,photomultiplier 
was 6 0 . 5 ~  A, so that the sensitivity was 0 .012  e r g s / c m 2  sec  A D  A. Thg maxi- 
mum signal recorded in the x-ray luminescence measurements  a t  3000 A was 
approximately 0 .  008 M A ,  indicating a lumin%scence intensity of about 10-4 
e rgs / cm2  sec  A. 
luminescent energy is 1000 x 
these rocks for x-rays,  a t  least  those used in these experiments, is, 
therefor e, 

Luminescence efficiency (2000-3000 A) 4 0.1/ 1 .4  x l o 5  = 7 x 10 

Thus, for the 2000-3000 A region, the upper limit for the 
o r  0.1 e rg / cm2  sec. The efficiency of 

-7 . 

Summary of x-ray-excited luminescence. -The results of the x-ray excitation 
experiments can be summarized a s  followos: (1) essentially a l l  the lumines- 
cence is in wavelengths longer than 3000 A so f a r  as the sensitivity of the 
equipment used in the experiments is concerned, ( 2 )  sbarp  peaks,,probably 
due to elements, a r e  obszrved in allosamples a t  3400 A and 3600 A, and 
additional peaks at  3800 A and 4300 A a r e  observed in serpentinite, (3 )  the 
rocks differ in intensity, granite having the greatest  intensity, gabbro next, 
and serpentinite the least ,  (4) decreasing intensity accompanies decreasing 
grain s ize  with the amount of intensity decline being greatest  for  the most  
intensely luminescing rocks; however, even at the finest grain sizes,  the 
intensity differences of the three rock types pers i s t ,  (5) the "element" peaks 
appear to decline less with decreasing grain s ize  than 'do the broad 
band "continua" of the spectral  curves, (6) these peaks appear to grow 
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sharper  with decreasing grain sizoe, and ( 7 )  the luminescence efficiency of 
t h e  t h r e e  r o c k s  in  the 2QGG-3000 A region, with x - r ay  excitation of t h e  type 
used, i s  estimated to have an upper limit of 7 x 1 0 - 7  and i s  a lmost  certainly 
much less .  

Proton-Excited Luminescence 

Experimental  techniqueo- A Texas Nuclear Co. neutron generator  was 
used a s  a source of protons. 
diameter  of 1 inch, an  energy range of 20-150 keV, and a cur ren t  of up to  
1 0 0 ~ A .  
proton source.  
a 45" angle to  the beam. 
a quartz window direct ly  above the sample a t  90"  to the proton beam and at 
45" to the sample surface.  
was placed against the quartz window of the sample chamber. 
photomultiplier, with an S5 photocathode surface,  w a s  used as the light sensor  
a t  the exit s l i t  of  the Gaertner .  The S5 photocathode response charac te r i s t ics  
a r e  summarized in  table 6. 

This instrument provides protons with a beam 

A sample chamber was mounted at  the end of the drift  tube of the 
It incorporated a sample holder which oriented the sample at 

The proton-excited luminescence was viewed through 

The entrance slit of the Gaertner  monochromator 
An RCA 1P28 

TABLE 6 

SUMMARY O F  S5 PHOTOCATHODE RESPONSE CHARACTERISTICS 

Wavelength (A) 

2000 

2300 - 3400 

3400 - 5000 

5000 - 6000 

6000 - 6300 

6 3 0 0  - 7000 

Quantum Efficiency (70) I Sensitivity (A/W-) 

0.4 

11.0 

1 1 . 0  - 7 . 0  

7 . 0  - 1.0 

1 . 0  - 0 . 4  

0.4 - 0. 04 

0 .0006 

0.035 - 0.052 

0.052 - 0.03 

0.03 - 0.005 

0.005 - 0,0006 

0 .0006  - 0.0002 

The photomultiplier was powered with bat ter ies ,  with the recommended 
100 volts between dynode s tages  and 9 0  volts between dynode 9 and anode. 
The output signal was read out by a Keithley picoammeter,  which has  provi- 
sion fo r  bucking out the photomultiplier da rk  current .  
arrangement  is shown in figure 15. 

The experimental  

To provide a control for each run, an Isolite light source,  consisting of a 
sealed phosphor excited by radioactive t r i t ium, was used to provide a sec -  
ondary light reference. 
l amber ts ,  accordipg to the manufacturer.  Its spectrum i s  shown in figure 16. 
The peak at 5200 A was used to cal ibrate  each rock sample run by substituting 
the Isolite light source  for the rock sample and checking the cur ren t  measure-  
ment each time a t  5200 A. 

This source  has  a brightness of about 150 micro-  
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Figure 16 Iso l i te  L ight  Source at Sample Posit ion i n  Proton-Excited Luminescence 
Neasuring System 



Description of results.- In general, the intensity of the total luminescence 
f rom the three rock types is greatest for granite, l e s s  for gabbro, and least  
for  serpentinite. This i s  shown in figures 17, 18, and 19, in which the a r e a  
under the curves is representative of the total luminescence f rom a rock 
sample. 

In the spectral  study, the luminescence produced by the proton beam was 
investigated for variation with (1) rock type, (2) grain s ize ,  and (3) excitation 
intensity. 
it w a s  then possible to establish the efficiency of proton-to-luminescence 
conversion of each rock type and each grain size. 
of the x-ray curves,  a r e  uncorrected for bandpass and for the same reasons.  

With the absolute calibration of the measuring technique established, 

The curves,  as in the case  

Variation with rock type.- In figures 17, 18, and 19, the spectra for 
granite, gabbro, and serpentinite are  compared for the solid and the three 
powder forms  of each. 
protons with a beam curren t  of 8pA. 
types can be summarized as follows: 

For  each curve the proton beam consisted of 100 keV 
Differences between the three rock 

Wavelength of maximum peak: 

Granite: 5400 A (all,f_orms) 
Gabbro: 4600-4800 A (all forms)  
Serpentinite: 4600-4800 (all forms)  

Peaks between 2000-3000 1: 
Granite: 2800 
Gabbro: shoulder around 2800 A 
Serpentinite: 2800 A 

Peaks  between 3000-4000 1: 
Granite: 3400 A 
Gabbro: shoulder around 3400 A 
Serpentinite: shoulder around 3400 r f  

Relative amplitudes of luminescence: 

Granite : hi ghe s t 
Gabbro: next highest 
S e rpentinite : lowe st 

Plateau regions: 

Serpentinite : 2500 - 2 700 

As is evident, the nature of the spectra show character is t ics  which permit  
Relative ampvtude, wavelenggh of maximum discrimination of the rock types. 

peak, secondary peaks in either the 2000-3000 A o r  3000-4000 A bands, o r  
a plateau at 2500-2700 A provide the basis f o r  distinction. 
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Figure 18 Luminescence o f  Gabbro with Proton Excitat ion 
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Variation with grain size.- Figures 17, 18, and 19 show the variation of 
For  all rock types, the solid and the finest the spectra  with grain size. 

powder (8p) a r e  s imilar  to each other. 
close to each other i n  characterist ics.  
tions of the solid and 8~ powder closely resemble each other,  which would 
imply the same is t rue  of the 590,uand 44p powders as a pair .  
because the 44p powder is m o r e  similar in grain s ize  to the 8p than to  the 
590ppowder this explanation may not hold. 
ferences a r e  due to experimental  variation - the four curves of each rock type 
have only a five-fold total spread in intensity. As the 8 p  sample was the only 
one ground in a tungsten carbide ball mill,  tungsten carbide contamination 
may account for the high intensity of that sample with respect  to the others.  
It i s  not known, however, whether tungsten carbide luminesces significantly. 
Moreover,  the 8 , ~  sample does not show this intensity relationship with x- ray  
and electron excitation, although with ultraviolet excitation the solid and 8p 
samples  showed comparable intensities. The question should be investigated 
further.  

Also, the 590p and 44p powders a r e  
This may indicate thar surface condi- 

However, 

It i s  a lso possible that the dif- 

Variation with excitation intensity.- The effects of proton flux density and 
proton energy a r e  shown in figures 20,  21, and 22. Proton flux density was 
var ied by using proton beam currents of 4, 8, and 16 pA, respectively, noting 
the effects on light output by doubling the beam current  in  each case.  Since 
the beam cross  -section is approximately 5.06 cm2, the corresponding proton 
flux is as follows: 

12 4 p A  = 5.03 x 10 

8 pA = 1.00 x lo1 
protons/crn2 sec 

protons/cm2 sec  

1 6 p A  = 2.00 x 1013 protons/cm2 sec  

The effect of varying proton energy f rom 100 keV to 150 keV i s  shown 
in figures 20 and 22 for granite and in  figure 19 fo r  serpentinite. 

In general, the luminescent light output increases  with proton flux density 
increase  (figure 20). 
this may be due to progressive contamination of the surface in the course of 
successive runs,  a s  mentioned below. Also, in  general, the luminescent 
light output increases  withprotonenergyincrease (figures 19, 20, and 22). 

A l inear relationship i s  not evident in these data but 

It was observed in  a se r i e s  of successive runs on the same sample that 
the light output was progressively degraded. 
for granite and figure 21 for  serpentinite. This may be due to the dark  deposit 
that formed on each sample because of organic vapor t races  in the system, to 
an actual change in the rock sample i tself ,  o r  to  some other undetermined 
cause. 

This is shown in figures 17 and LO 

The effect in  the case  of granite was different f rom that in the case  of 
serpentinite. Comparison of the curves for  8p granite subjected to  a beam 
curren t  of 8pA (f igures  17and 20) shows the degradation of light output 
throughout each successive curve. In addition, the spectral  maximum peak 
appears to have shifted from 5400 A to  4600 A. The latter is the same 
maximum peak region for  gabbro and serpentinite. 
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It is not known, at present,  whether this is  a r ea l  shift o r  a modification 
of the t rue  peak. The two curves are very s imilar  except for a smoothing out 
of the characterist ic granite peaks a t  2800 A and 3400 A and an apparent 
"chopping off'' of the maximum peak start ing at 4600 f% and continuing into the 
longer wavelength region. 

This effect appears to be a progressive one. Each curve fo r  the 8kgrani te  
in figures 17 and 20 is identified in  the key with a number in parenthesis. 
This number gives the chronological order  in which the measurements  were 
made. The slope of the "chopped off" maximum peak can be observed to 
steepen with successive runs,  but the apparent maximum peak remains at 
4600 A. The overall  amplitude likewise degrades a s  previously described. 

If the carbonaceous deposit is responsible for this change, i t  is producing 
It is interesting the observed effects either by absorption o r  emission o r  both. 

that f resh  and clean samples  of granite show the character is t ic  curves of 
figure 17. 
by the deposit i s  responsible. 
amplitude degradation that occurs  as the deposit builds up. 
the t rue  properties of the granite become masked by the carbon deposit. 
the carbon o r  organic vapor luminesces, this could override the granite 
emission, and the peak at 4600 A could be that of the foreign matter  ra ther  
than of the rock. Resolution of this question requires  further investigation. 
No  major  p re s su re  changes were  observed to indicate significant outgasing 
of the granite powder. 
responsible . 

The "chopping off" seems to indicate that a process  of absorption 
This would also be consistent with the overall  

In other words,  
If 

Hence, i t  is not likely that a change in the rock is 

The case  of the 8f i  serpentinite powder is slightly different. Figure 21 
shows the progressive degradation in overall amplitude in three successive 
runs. 
p re s su re  increase while succeeding runs showed no significant change in  
pressure .  
i t  was necessary to stop the second run at 4400 8, and r e - s t a r t  with the third 
run. 

Much outgasing occurred during the first run, causing a three-fold 

Because of exhaustion of the hydrogen g a s  supply to the ion source,  

It i s  evident that the peak at  2800 8, remains,  the peak at 3400 8, i s  
smoothed out, and the maximum peak at 4600 A persis ts .  
"chopping off" phenomenon occurs  at wavelengths longer than 4600 A ,  a s  in 
the case  of the granite. 
in the mater ia l ;  however, the effect of a deposit i s  a lso evident. 

However, the 

The pressure changes observed indicate some change 

Efficiency determination.- For a beam current  of 8 p A ,  a proton energy 
of 100 keV, and a beam diameter  of one inch, 

flux = (1 O1 protons / c m 2  sec)( 5. 06 cm2)( 1 o5 eV)( 1 .6  x 10' 2, 

= 8.1 x 10 6 e rgs / sec  

The calibration to determine the luminescent flux from the sample was 
achieved by placing the Isolite light source in  place of the rock sample and 
calibrating the signal current  accordingly. 
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The luminous flux of the Isolite a t  the maximum peak of 5200 1 and a 
bandpass of 620  A is 11 e r g s / s e c ,  calculated on the bas i s  of the brightness 
value of 150 microlamberts supplied by the manufacturer.  With this value 
of the flux, i t  w a s  established that,  in the measuring sys tem,  a signal of 
5 x 10-lo amperes  (a  typical value fo r  the 2000-3000 8 band) corresponds to 
a luminous flux of 1. 3 e r g s / s e c  for a bandpass of 70  A .  
the efficiency measurements for  the study samples.  

Table 7 summar izes  

Summary  of proton-excited luminescence .-Results of the proton exci-  
tation experiments can  be summarized as  follows: (1)  granite shows the 
highest luminescence intensity, gabbro the next highest ,  and serpentinite the 
leas t ,  ( 2 )  fo r  grain s ize ,  the order  of intensity, f rom highest to lowest, is: 
8p., solid, 44p, 590p., except f o r  granite,  fo r  which the orger  is: solid, 8p, 
590p., .44p, (3)  the identifying peaks of granite a r e :  
3400 A ,  and 2800 A ,  (4) the identifying p e a i s  of gabbro a re :  4600-4800 A 
(maximum), shcplders at 3400 A and 2800 A ,  and a charac te r i s t ic  slope from 
4600 A to 5600 A ,  '5)  the identifying peakos of serpentinite a r e :  4600-4800 
(maximum), 2800 b ,  a shoulder a t  3400 A ,  a plateau at 2500 A ,  and a possible 
double peak a t  the maximum, (6) a n  increase of 100% in proton flux resu l t s  in 
a n  increase of about 2070 in luminescent flux, (7)  a n  increase of 5070 in  proton 
energy resu l t s  in an increase of about 10% in luminescent flux, and (8) effi- 
ciencies a r e  about 10-8 to 5 x 10-7 for  the 2000-3000 
to for  5 2 0 0  A .  

5400 A (maximum),  

region; about 5 x 

Electron-Excited Luminescence 

F o r  the electron-excited luminescence, a holder was fabricated which 
held the sample at a 45" angle to the horizontal. 
source was positioned ver t ical  to the sample; i t  provided electrons of 2. 3 MeV 
energy. 
sample s o  that it could not see  the Sr-90 source.  
the photomultiplier made  it possible to exclude light for background measure-  
ments,  to  measure  all of the light, o r  to interpose a glass  s l ide and measure  
only the visible component of the light. 
shown in  figure 10B. 

A 200 mil l icur ie  Sr -90  

The axis of the photomultiplier was horizontally positioned on the 
A shutter arrangement  on 

The experimental arrangement  is 

The 1P28 phototube was found to be sensit ive to the electrons sca t te red  
f rom the sample. 
used as an indication of the back-scattered par t ic les  and x- rays  f r o m  the 
sample and a n  appropriate ra t io  was applied to determine the correction to be 
subtracted from the open shutter reading. The value of this ra t io  was de te r -  
mined by removing the sample s~ that the photomultiplier saw only electrons 
and no luminescence and measuring the response with shutter open, shutter 
closed, and with a glass slide. It was found that the rat io  for  shutter open to 
shutter closed w a s  11.0 and f o r  glass sl ide to shut ter  closed was 4 . 4 .  The 
t ransmission of the glass  slide in the visible wavelengths was found to be 9070, 
Table 8 shows the corrected measurements  fo r  the experimental technique 
used. 

To co r rec t  for this,  the reading with the shutter closed was 
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Rock 

~~ 

Grain 
size 

Solid 
590P 
44P 
8 P  

Granite 

Without 
glass  W i t h  glass 
filter f i l ter  

23. 5 16. 2 
9. 6 4 .3  
4.8 1.9 
4 .7  1 .8  

Gabbro 14. 1 
9 . 6  
5. 1 
5.4 

7.4 
5 .0  
4. 8 
5 . 3  

S e rp entini te 

7.5 6 .6  
4 . 3  5.3 
1.8 3. 3 
1. 8 3. 6 

2.7 4 .7  
2.0 3.0 
1.8 3.0 
1 .4  3.9 

TABLE 8 

TOTAL LUMINESCENCE INTENSITY WITH 
ELECTRON EXCITATION 

(Relative Units) 

Differ enc e 

7.3 
5 .3  
2 .9  
2 .9  

Solid 
590 P 
44P 
8~ 

Solid 
590P 
44 P 
8 P  

Percen t  
ultraviolet 

31. 0 
55. 2 
60.5 
61. 7 

46,8 
55.2 
64. 8 
66. 7 

63. 5 
60. 0 
62. 5 
73.6 

Attempts t o  measure  the spectrum with the Gaertner  monochromator and 
the 1P28 phototube failed due to low total intensity. 
tube was then tried,  but it was found that the region of maximum response for  
the granite was barely above the background count. 

The more  sensitive EM1 

As in  the case  of the - 
x-ray experiments, therefore ,  only an upper limit can be given for  the efficiency. 

With the experimental configuration used, the sample receives  f rom the 
Sr-90 source a flux of about l o 8  e lec t rons /cm2 sec  of 2. 3 MeV energy, o r  
about 370 e r g s / c m 2  sec.  F r o m  the calibration of the detector,  a l ready 
and f rom the backgxound value, the maximum luminescence is 2.,4 x 10- 
cm2  s e c  A at 3000 A,  o r  0.024 e r g s / c m 2  s e c  over  the 2000-3000 A range. 
The efficiency fo r  electron excitation of these rocks under these experimental  
conditions is then: luminescence efficiency (2000-3000 A )  < 0.024/370 = 
6 x Note that this is mere ly  an upper limit and does not imply a higher 
efficiency for  electrons than for  x-rays despite the fact that the number is 
l a rge r .  A higher energy flux of electrons,  i f  it produced no detectable 
luminescence, would place a l a rge r  number in the denominator and lower this 
limit accordingly. 
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Summary of electron-excited luminescence . -The resul ts  of the electron- 
excitation experiments can be summarized a s  follows: (1) the solid samples  of - 

the three rocks show that granite has the highest luminescence intensity, gabbro 
the next, and serpentinite the least, (2) intensity decreases  with decreasing 
grain size,  the greatest  decrease occurring in the rocks of highest intensity, 
such that a t  590p, granite and gabbro a r e  of the same intensity but st i l l  dis-  
tinguishable from serpentinite, whereas a t  4 4 ~  and 8c(, the three rocks a r e  
indistinguishable, (3) the intensity decrease  with decreasing grain size appears  
to be greater  for  the visible than fo r  the ultraviolet wavelengths, and (4) the 
luminescence efficiency of the three rocks in the 2000-3000 A region, with 
electron excitation of the type used, i s  estimated to have an upper limit of 
6 x 10-5 and is almost  certainly very much less .  

FEASIBILITY EVALUATION 

Lunar Ultraviolet Radiation 

The intensity of the lunar radiation in the 2000-3000 region, made up 
of reflected and luminescence components, can be calculated f rom the experi- 
mental  resul ts  of this study. 
for  the dark side. 
bracket conveniently the 2200-2500 A interval in which mozt of the ultraviolet- 
excited luminescence seems to occur and the 1800-2200 A interval 
which, of the wavelengths used in the experiments,  s eems  principally to 
excite this luminescence. 
ultraviolet excitation may be high and could possibly be revised downward by 
additional study, it gives a calculated 5% of the reflected background. 
is the average observed by Grainger (1963) in his ground-based measurements  
of lunar luminescence a t  3970 A (range of 2% to 10% of six measurements  for 
five different a reas) ,  so  that the value is a reasonable one. 

This is shown in $able 9 for the sunlit side and 
In the table, the $000-3000 A region i s  divided so as to 

Although the luminescence efficiency of 1% for 

This 

It is evident that for the sunlit side of the moon, the ultraviolet energy is 
the only significant excitation source for  luminescence. In addition, the 
reflected ultraviolet energy in the entire range 1800-3000 h; greatly exceeds 
that f rom luminescence. 
is due entirely to luminescence but it i s  extremely small in amount. 

The ultraviolet energy radiating f rom the dark  side 

It must be borne i n  mind, however, that in the case  of the x-rays and 
charged particles,  high incident energies, especially on the dark  side,  may 
well exist due to interactions with the solar  plasma, extension of the geomag- 
netic cavity, and other effects. 
of the report. 

These a r e  discussed further on in this section 
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I 8 .  
Energy Available a t  Lunar Orbiting Vehicle 

Let ER = energy per  sec  received by the detector on the orbi ter  

E = energy per  cm2 per s ec  emitted by the lunar surface,  assumed 

= area of detector aperture 

to be diffuse and isotropic 

D 

h = altitude of detector above the lunar surface 

a 

A 

= acceptance angle of detector 

= area of lunar surface seen by detector. 

Then 

= EA (solid angle subtended by detector /2r)  

= EA (1/2sr) (D12rh  ) Z I T  = EAD/2m-h2 
ER 2 

F o r  an altitude of 80 miles  or l e s s  and an acceptance angle of 30° o r  less,  
the e r r o r  in  neglecting the curvature of the lunar surface and calculating A a s  
a plane surface is less than 3%. Therefore, 

2 2  

2 
A = f ~ h  tan a 

and E R =  (ED tan a ) /2  

Thus, the energy available at the detector depends on the energy leaving the 
lunar surface,  on the a r e a  of the detector aper ture ,  and on the acceptance 
angle (or  the f number, which i s  inversely proportional to tan a). 

Detectability 

The problem of detectability is two-fold. On the sunlit side of the moon, 
it is necessary to detect a measurable signal against a high background, 
whereas onthe dark  side,  the background is absent but a very  low signal must  
be detected. 
positional determination because of the essentially featureless reflectance 
curves  and the lack of c lear  distinction among the rocks and grain sizes.  

The reflected ultraviolet is not considered utilizable for com- 

0 

On the sunlit side, adequate energy is available in the 2200-2500 A 
luminescence to be detected by t . e  Tropel instrument. 
gives 3. 2 x 10-3 ergs/crnZ sec  A, and taking the minimum detectable signal 
as 0.01 FA, 

The Tropel calibration 

-3 -3 E (minimum) = 3.2 x i o  x 300 x 0.01 = 9.6 x 10 er.gs/sec R 
s o  that 

2 E (minimum) < EA/2rr h 
R 
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Therefore,  the minimum a r e a  of the lunar surface that will give a detect- 
able signal for  the luminescence component of the radiation i s  a s  follows: 

A (minimum)>2r  h 2 ER/E = 2 ~ ( 8 )  2 x 9 . 6  x 10 - 3  / 7  

= 0. 55 sq. mi. f o r  8 miles  altitude 

and 55 sq. mi. for  80 miles altitude 

This corresponds to a 3 O  acceptance angle in both cases.  By increasing 
the acceptance angle and, therefore, the lunar sur face  a r e a  viewed, signals 
above the minimum of 0 . 0 1  P A can easily be obtained. 
signal due to luminescence, the reflected background is a t  about 0. 2 

However, for  0.01 b! A 
A.  

The best  means of detecting the luminescence against the reflected back- 
ground is by the Fraunhofer line technique. 
shape of a solar Fraunhofer line to the same line in the lunar spectrum. It 
depends on the luminsscence having a constant intensity over the line width 
of approximately 1 0  A, an assumption that can be made i f  the luminescence 
is broad band, a s  has been the case in other studies a s  well a s  in this one. 
Let Ts and Tm represent  for  the sun and moon, respectively, the ratio of 
the intensity of the center of the line to the intensity of the continuum, and 
le t  If and IC be the intensities of the center of the line and of the continuum, 
respectively, for  the so la r  spectrum. Then, if there  is no luminescence, 
the lunar radiation will be a l l  reflected sunlight and 

This involves comparing the 

Tm = R.If/RIc = Ts 

where R is the reflectance coefficient. Any luminescence L, will, however, 
be added equally over the width of the line and 

T = (RIf t m 

= (Ts + k ) / ( l  t k) 

where k =  L/& is the luminescence intensity expressed a s  a fraction of the 
lunar continuum. Solving for  k, 

so that the luminescence intensity can be calculated f rom the solar  and lunar 
Fraunhofer line intensities. 

The solar  spectrum f rom 2200 to 3300 is known to have a very dense 
a r r a y  of Fraunhofer lines. Moreover, this method has  been used successfully 
in ground-based observations of lunar luminescence in the visible wavelengths 
(Grainger, 1963). Grainger’s instrument can detect a s  l i t t le as 270 
luminescence; it is  a grating instrument that uses a phototube detector, the 



output of which is electronically compared with the output of a second phototube 
to eliminate background fluctuations. Such an  instrument could be adapted to 
the lunar orbiting vehicle and, in a vacuum environment, might acquire addi- 
tional stability and sensitivity. 
can be scanned rapidly enoughto allow good data acquisition with the approxi- 
mately 1-mile-per-second ground speed of the lunar orbiting vehicle. 
technique requires  a high resolution spectrograph. 
able o r  can be built. 
ing of the spectrum, but e r r o r s  in this method a r e  too high, according to 
Grainger  and Ring (1962). Differences in intensity that a r e  due to lithologic 
variation would be apparent in the differences in measured k-values and a r e  
within the sensitivity range of the method. 

The narrow spectrum of a Fraunhofer line 

This 
Such equipment i s  avail- 

The technique also can be used with photographic record-  

The present study has  not been able to establish with certainty that the 
ultraviolet -excited luminescence observed experimentally is devoid of narrow 
bands. If, with fur ther  study, narrow peaks could be shown to exist, such 
luminescence could be detected against the reflected background by comparing 
electronically the region of the peak with a neighboring region where the peak 
i s  absent. This could be done by dispersive techniques o r  with appropriate 
narrow band f i l t e r  pairs ,  such a s  the interference f i l t e rs  which can now be 
made for  any desired wavelengths. Even peaks, however, i f  sufficiently 
broad, will not disqualify the Fraunhofer line technique. 

The above r emarks  also apply to the small  luminescence excited by 
x-rays,  protons, and electrons. Any luminescence on the sunlit side will 
have to be measured  through a large reflected background. 

The ultraviolet, and all other recti l inear radiation f rom the sun that 

Thus, the energy reaching the lunar orbiting vehicle on the 
reaches the moon, will fall off in incident intensity a s  the cosine of the angle 
of incidence. 
sunlit leg of the orbit  will r i s e  away f rom and fall toward the terminators.  
To some extent this may be compensated by the increase in luminescence due 
to falling surface temperature  (see discussion of temperature,  below) but this 
is probably smal l  compared t o  the cosine decrease.  

Detection of the ultraviolet luminescence signal on the dark side of the 
moon involves instrumentation capable of ssnsing of the order  of 5 x 10-13 
e r g s / c m 2  sec. This flux in the 2000-3000 A band corresponds to  l e s s  than 
1 o r  2 photons/cm2 sec  which is,at  best, on the fringe of present capability. 
Use of an  ordinary spectrograph compounds the difficulty because, even with 
an  f / 2  instrument ,ER- 0.03 ED; for a 1 cm2 sl i t  a rea ,  D, ER- 2 x 10-14. 

Fortunately, the fact that the total luminescence intensity var ies  with 
composition makes it possible for  mapping to be performed by allowing the 
phototube to look directly at the lunar surface and record the visible as well 
a s  the ultraviolet. 
is in the visible, which would increase the flux by a t  l eas t  a n  order  of magni- 
tude. In addition, efficiencies a r e  higher; those calculated for  rotons show 

the 2000-3000 1 region. These alone account for some two to three o rde r s  of 
magnitude. Additional energy can be gathered by increasing the detector a r e a  
and acceptance angle. 

The data of this study show that most  of the luminescence 

a factor  of a t  1 a s t  20 and as much a s  200 increase of the 5200 w region over  

A photocathode surface of 3 cm2 and an acceptance 



I angle of 60°, for example, resu l t s  in ER = 4.5 E, a factor  of a lmost  five. 
Cryogenic cooling of the photocathode to reduce thermal  noise, and chopping 
techniques (in which the signal is interrupted at a n  AC rate and the AC signal 
is then amplified) to reduce what background exists, could improve this f igure 
still more.  Of course,  viewing such a la rge  area would necessar i ly  reduce 
the mapping resolution. 

The dark  side flux,listed in table 9 , is  uncertain because most  of the 
energy sources which reach the surface of the da rk  s ide of the moon a r e  
uncertain at  present. 
minimum detectability of previous measurement  is uncertain. The possibility 
that either solar wind par t ic les  or part ic les  in the tail of the earth's magneto- 
sphere do reach the lunar  surface is, to some degree,  dependent on the 
existence of this field. 
events. 
surface in the galaxy. 
sources  may well r a i se  the incident energy to  levels such that detectable 
luminescence could be excited. 

The existence of a lunar  magnetic field l e s s  than the 

Solar  cosmic r ays  a r e  a l so  a possible source during 

The possible existence of some of these less cer ta in  
Galactic x- rays  may contribute depending on the orientation of the 

Photoelectric v s  Photographic Recording 

The chief advantage of photographic recording is that it is a simple, 
reliable technique that produces high resolution data over the en t i re  spectrum. 
Its chief disadvantages are  that long exposure is required and that the plates 
mus t  be developed before data can be studied o r  transmitted. The spectrum 
of the Isolite source,  used for  calibration in the proton experiments, was 
photographed with the Gaertner using the camera  attachment. Twenty to 
thir ty  minutes were required to record a usable spectrum. 
surface glowed as intensely as the Isolite, a twenty minute exposure would 
not be acceptable; in twenty minutes the orb i te r  passes  over some 1200 miles. 
The requirement that the plates be developed before data can be  retrieved 
prevents continuous monitoring of the response, which is of par t icular  
importance during the first  exploratory missions.  
recording were feasible,  one of two choices would have to be made. Many 
plates could be exposed in succession to give adequate a r e a l  coverage, but 
the data would not be available until much la te r ,  when the operator could 
develop and examine them. 
developed, and examined one at a fime, but the number of exposures and, 
therefore , the amount of data obtained would be too small. 

Even i f  the lunar  

Even if  photographic 

On the other  hand, plates could be exposed, 

The photoelectric technique is both reliable and fast ,  and can provide 
continuous monitoring. The disadvantages of this technique a r e  that scanning 
is  required and that associated electronic equipment customarily used may be 
bulky and heavy. 
spectrum a r e  to be examined. 
this regard,  depending on how la rge  an a r e a  of the lunar  surface is viewed. 
However, to differentiate rocks on the bas i s  of total  intensity requires only 
p a r t  of the spectrum, to examine par t icular  peaks, o r  pa i r s  of peaks, f o r  
ra t io  purposes a l so  requi res  only par t s  of the spectroum, and the Fraunhofer 
l ine technique requires  only a narrow band of a few Angstroms per  line. 
Associated electronic equipment used fo r  this technique need not be bulky and 

Scanning time could pose a psoblem i f  l a rge  regions of the 
The 2000-3000 A region may be borderline in 



heavy. In this study a small, relatively light-weight battery power supply 
was assembled and used with the EM1 tube with excellent results. 
taking electronics, char t  recorders ,  and other associated equipment either 
exist  in small, light-weight form,  o r  can be so constructed with only moderate 
advances in  design. 
as the light detecting elements for the lunar orbiting vehicle. 

Ratio- 

Battery-powered photomultiplier tubes a r e  recommended 

Tempe r atu r e Effects 

Luminescence intensity gene rally increases  with decrease in temperature  
Although the extent of this temperature  effect in the rocks of (Kroger, 1948). 

this study is unknown, the result ,  so  far as measurements f rom the lunar 
orbiting vehicle a r e  concerned, is that any dark  side luminescence would be 
enhanced at the same time that background due to solar  electromagnetic 
radiation is absent. 
zenith would suffer the greatest  luminescence degradation, but because of 
the temperature  gradient away f r o m  the sub-solar point, degradation would 
decrease  toward the terminators  and poles. (The terminator  a r e a  is interesting 
in that it is favorably located f o r  increased luminescence intensity due to 
temperature  and also fo r  maximum polarization effects, a s  discussed in the 
section on polarization). Much remains to be learned about the temperature  
effect, especially whether the relations noted for  the visible wavelengths a lso 
hold for  the ultraviolet. 

On the sunlit side, a r e a s  for which the sun is a t  the 

Effects of a Possible Lunar Atmosphere 

The two chief effects of a lunar atmosphere on measurements of ultra- 
violet radiation f rom the moon would be (1) absorption of the signal f rom the 
solid surface, and (2)  fluorescence of the atmosphere itself. 
upper limits for  the density of the lunar atmosphere a r e  10-9 of the t e r r e s t r i a l  
sea  level density based on optical methods,and 10-13 based on radio star 
occultation methods (Opik, 1962; Bernstein, Fredricks,  and Vogl, 1963). 
These re fer  to neutral particle densities, but the charged particle densities 
a r e  estimated to be much lower by these authors. A vacuum s o  high y-ill 
probably have negligible absorption o r  fluorescence effects, although Opik 
states that certain spectral  line emissions can be completely absorbed by the 
approximately 1013 atoms o r  molecules pe r  cm2 of lunar surface that would 
exist even with a density of 

The most  recent 

of the te r res t r ia l .  

Fluorescence of local, temporary atmospheres due to outgasing could 
well be observed 
observation of a "volcanic eruption" in Alphonsus may have been a case  of 
this kind although, according to Opik (1962), this could not have been due to 
escaping gas because the emission was fixed in position and no spreading 
occurred. 
1964) in the vicinity of Aristarchus also appeared to be fixed in position. 
This lack of spreading could s t i l l  be associated with gas eruption if  it is 
assumed that a density gradient exists in the dispersing gas such that beyond 
the fluorescent a r e a  the gas is too tenuous for  the fluorescence to be detected. 

i f  such a process takes place on the moon. Kozyrev's (1959) 

The color phenomena observed by Greenacre and B a r r  (Anonymous, 
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Color phenomena of the Aristarchus and Alphonsus variety could easily 
be seen by the astronaut in the lunar orbiting vehicle and, in fact, is probably 
more  readily recognized by him than by an unmanned, instrumented vehicle. 
The maxim*im length of colored a r e a  in the Aris tarchus observations was 1 2  
miles;  the Alphonsus "eruption" was approximately 4 miles  in size.  
these a r e a s  a r e  smaller  than the total possible a r e a  that can be viewed f rom 
the lunar orbiting vehicle and should be distinguishable f rom the expected 
l e s s  intense, and more  widespread, solid surface luminescence. It is not 
known whether any ultraviolet component was present  in the observations, 
but the visible component, a t  least ,  was strong enough to allow Kozyrev to 
obtain a spectrum photographically. The proximity of the lunar orbiting 
vehicle to the lunar surface should allow spectra  to be obtained either photo- 
graphically o r  photoelectrically. If these phenomena a r e  indeed due to gas  
eruptions, data on composition of the gases  may be obtained. 

Thus, 

If gas eruption and fluorescence occur on the moon, the luminescence of 
the solid surface beneath will be obscured o r  blotted out. If, however, the 
affected a r e a s  viewed from the lunar orbiting vehicle a r e  the same size a s  
those of the te r res t r ia l  observations, this should not cause many gaps in the 
mapping of the surface. Moreover, the t ime durations a r e  such that an a r e a  
affected during one orbit  may be clear  on the second o r  third orbit  (approxi- 
mately one-half hour and one hour duration for the two Aristarchus observa- 
tions, respectively; between one-half and two and one-half hours for  the 
Alphonsus observation). 

Polarization Effects 

Discrimination between lunar reflected light and luminescence may 
possibly be based on the fact that reflected light f rom the moon i s  partially 
polarized whereas the luminescence is expected to be isotropic. 
polarization of the moon is greatest  near first and third quar te rs ,  where it 
does not exceed 1770, and i s  zero a t  full moon, according to Bobrovnikoff's 
(1959) summary of the work of Lyot. 
f o r  the orbi ter ,  the maximum polarization would then be viewed near the 
terminators.  
the luminescence t o  background ratio because the polarized reflected light 
would be reduced b y  a greater  proportion than the luminescence. 
polarization curve of the moon a l l  along the path of the lunar orbiting vehicle 
were known, it might a lso be possible to detect luminescence in other a r e a s  
besides those near the terminator. However, with a maximum polarization 
of l e s s  than 1770, the enhancement effect might not be great. Obviously, 
much more  needs to be known about the polarization effect, especially a s  
regards  the degree to which the luminescence is polarized. It should also be 
noted that past  polarization studies have had to do with visible light. Whether 
o r  not the same conclusions apply to ultraviolet light has yet t o  be determined. 

The 

If this same angular relationship holds 

Viewing through a polarizing f i l ter  could then possibly enhance 

If the 

Importance of the Astronaut 

The presence of an astronaut, fo r  a t  l eas t  the initial exploration observa- 
tions, is preferable to a n  unmanned mission. Even i f  the luminescence 
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character is t ics  of t e r r e s t r i a l  rocks were completely known, there  would be no 
assurance that the lunar surface would conform to these known patterns. 
Radiation damage o r  sputtering, for  example, a r e  processes  that might alter 
lunar surface character is t ics  even if the rocks, in their  original state,  were  
t e r r e s t r i a l  counterparts. F o r  this reason, the luminescence observations 
f r o m  the lunar orbiting vehicle should be performed by a man, who, unlike a 
machine, can exercise  judgment, change plans a s  the situation requires,  and 
take advantage of unforeseen phenomena and events. He can adjust and main-  
tain the equipment, t r y  various combinations of f i l ters ,  slit adjustments, and 
other variables for  best  response, monitor and make a t  l eas t  preliminary 
analyses of the data, select  important features of the landscape and of the 
data f o r  more  intensive observation, and select  which data should be kept o r  
returned to earth and which rejected. Once the lunar luminescence charac- 
te r i s t ics  a r e  known to  the extent that measurements  and data interpretation 
become routine, i f  this occurs,  subsequent mapping missions could be 
accomplished by unmanned lunar orbiting vehicles. 

RESUME OF RESULTS AND CONCLUSIONS 

The reflectance and luminescence character is t ics  in the 2000- 3000 
range of granite, gabbro, and serpentinite samples,  in solid and granular 
form,  have been studied for the purpose of determining whether it is feasible 
to map the surface composition of the moon by spectral  analysis in this range 
f rom a manned lunar orbiting vehicle a t  8 to 80 miles  altitude. Luminescence 
was excited by ultraviolet radiation, x-rays,  protons, and electrons. Results 
of the experimental  work a r e  a s  follows: 

The reflectance curves f o r  all samples a r e  generally featureless.  
The reflectance declines gradually f rom 3000 to 2500 and still 
more  gradually f rom 2500 A to 2000 A. No consistent variation 
with grain s ize  was detected. Serpentinite shows, for  the most  
part, a lower reflectance than granite and gabbro, which a r e  approx- 
imately the same. 

In virtually all measurements,  both of total luminescence and of 
luminescence spectra,  the granite shows the greatest  luminescence 
intensity, gabbro the next, and serpentinite the least. This is in 
harmony with luminescence data on minerals  obtained in the Douglas 
Aircraft  Company independent research  studies in which the minerals  
of the acid igneous rocks show higher luminescence intensities than 
those of the basic igneous rocks. 

Decreasing grain s ize  has, in general, the effect of reducing the 
luminescence intensity but this does not obscure the shape of the 
spectral  curve. In some cases,  however, intensity was observed 
to increase with decreasing grain size. 

Within the l imits of the instrumentation used, luminescence spectra  
proved to be broad band, except a s  noted in (5), below. Fea tures  
(other than intensity) of the spectral  curves that reflected 
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compositional differences, such as peak positions, curve shapes, 
and SQ forth were observed chiefly in the wavelengths longer than 
3000 A. 
but greater  instrumentation sensitivity will be required to observe 
them. 

Sharp peaks at 3400 A and 3600 A, possibly due to line emission of 
a n  element o r  elements, were found with x-ray excitation in all 
samples. Additional peaks were found in serpentinite. These peaks 
appeared sharper  and more  of them occurred as the "continuum" 
luminescence intensity decreased because of either grain s ize  o r  
rock type differences. 
than the continuum. 

Similar features may be present  in  the 2000-3000 8, region 

0 0 

They also appeared to decline l e s s  in intensity 

In general, most  of the luminescence occurred in the visible and near  
ultraviolet wavelepgths; only a relatively small  proportion was found 
in the 2000-3000 A region. 

Measured efficiencies of luminescence i n  the 2000-3000 A region 
were of the order  of 1% for 1800-2200 A ultraviolet excitation and 
of the order  of 5 x 10-570 and l e s s  for  x-ray, proton, and electron 
excitation, within the limits of the instrumentation used. The 
ultraviolet and proton values are based on observed luminescence 
with these types of excitation; the x-ray and electronyalues  a r e  
extreme upper limits because little o r  no 2000-3000 A luminescence 
with these excitation types was observed in the spectral  measurements.  

0 

These laboratory resul ts  were combined with available knowledge of the 
space radiation environment of the moon to determine the feasibility of com- 
positional mapping under the conditions s e t  forth for the study. 
a r e  as follows: 

The conclusions 

0 

On the sunlit side of the moon, luminescence energy in the 2000-3000 A 
region is estimated to be high enough for detection; it must,  however, 
be detected against a high reflected background. 
this luminescence is due to ultraviolet excitation. 

On the da rk  side of the mDon li t t le o r  no background of 2000-3000 A 
light would be present,  but the luminescence in this region would be 
due to x-rays,  protons, and electrons and i s  estimated to be on the 
fringe of, o r  even beyond, present detection techniques i f  only the 
relatively certain sources  of excitation a r e  present.  If, however, 
some uncertain sources  of excitation a r e  present,  a s ,  for example, 
particle radiation f rom the ear th 's  magnetosphere, sufficient 
luminescence energy for detection may well exist. 

The detection problem i s  two-fold; on the sunlit side, a measurable 
signal mus t  be detected against a high background, whereas on the 
dark  side, a very smal l  signal m u s t  be detected against essentially 
no background. 
measure the luminescence by the Fraunhofer line technique; that is, 
comparing the ratio of depth to continuum for  a Fraunhofer line for 

Virtually a l l  of 

0 

F o r  the sunlit side, it i s  considered feasible to 
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the sun and the moon. 
for  detection. 
detecting lunar luminescence in the visible wavelengths f rom 
ground-bas ed observatories. 

Photoelectric photometry is recommended 
Such instruments have already been successful in 

F o r  the dark side, a sensitive phototube is recommended to view the 
sur face  directly, detecting visible a s  well a s  ultraviolet light and 
having a s  large an acceptance angle and photocathode surface a r e a  
a s  is  practicable. 

The compositional differences appearing in the experiments a r e  of 
an  order  deemed detectable f rom the lunar orbiting vehicle. Relative 
intensity alone appears to provide a good basis  for mapping com- 
positional differences, and when tied in with laboratory luminescence 
tes ts  on returned lunar rock samples  f rom the f i r s t  manned landings, 
it could also provide compositional determination. 

RECOMMENDATIONS FOR FURTHER STUDY 

Based on the resul ts  of this study, the following recommendations for 
fur ther  study a r e  made: 

Continue the ultraviolet excitation studies in order  to bet ter  define 
the luminescence spectra. In view of the high efficiencies for  this 
energy source and the large amount of excitation energy available, 
ultraviolet-excited luminescence could be one of the most  important 
sources  of compositional information for  la rge  scale mapping of the 
lunar surface. 

Extend the studies to  include the visible wavelengths. 
luminescence occurs in these wavelengths than in the ultraviolet. 
This region is, therefore, especially important in mapping the dark 
side of the moon where luminescence intensity may be marginally 
detectable. 

Much more  

Use selected minerals rather than rock samples.  Rocks, being 
aggregates of minerals,  have a wider range of composition and, 
hence, can be expected t o  show a l e s s  uniform response than 
minerals.  
the common rock-forming minerals ,  the character is t ics  of the 
rocks can easily be calculated. 

With knowledge of the luminescence character is t ics  of 

Continue the x-ray excitation studies to define and identify the possible 
line emission phenomena. This is the only appearance in this study of 
such peaks, and they deserve further study a s  a possible means of 
determining element composition. 

Initiate x-ray fluorescence studies of the same  samples. 
fluorescence could give information on element composition and may 
be detectable a t  much lower flux levels than ultraviolet o r  visible 
luminescence. 

X-ray 
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LIBRARY CARD ABSTRACT 

The reflectance and luminescence character is t ics  in the 2000- 3000 A 
range of granite, gabbro, and serpentinite samples,  in solid and granular 
form,  have been studied for  the purpose of determining whether i t  is 
feasible to map the surface composition of the moon by spectral  analysis in 
this range 
It was found that the rocks can be distinguished on the basis  of luminescence 
intensity (granite highest, gabbro next, serpentinite lowest) and upon spectral  
curve shapes, peak positions, and other featuzes, although most of these 
features  a r e  in wavelengths longer than 3000 A. 
combined with space radiation energy flux data, lead to the conclusion that 
such mapping is feasible on the sunlit side of the moon. 
however, luminescence is a t  o r  below present detectability limits unless, 
as is possible, more  excitation energy is available than i s  estimated. 

f rom a manned lunar orbiting vehicle a t  8 to 80 miles  altitude. 

Luminescence efficiencies, 

On the dark side, 


